Abstract A novel strategy that allows to predict the responses of zooplanktonic species to environmental conditions in an estuarine temperate ecosystem (Mondego estuary) is presented. It uses 12 indicator species from the zooplanktonic Mondego database (102 species) that are common members of the different habitats, characterized by their specific hydrological conditions. Indicator-species analysis (ISA) was used to define and describe which species were typical of each of the five sampling stations in a 4-year study (2003)(2004)(2005)(2006). First, a canonical correspondence analysis (CCA) was carried out to objectively identify the species-habitat affinity based on the relationship between species, stations and environmental data. Response curves for each of the zooplanktonic species, generated by univariate logistic regression on each of the independent variables temperature and salinity, were generally in agreement with the descriptive statistics concerning the occurrence of those species in this particular estuarine ecosystem. Species-specific models that predict probability of occurrence relative to environmental parameters like salinity, water temperature, turbidity, chlorophyll a, total suspended solids and dissolved oxygen were then developed for the zooplanktonic species. The multiple logistic models used contained between 1 and 3 significant parameters and the percentage correctly predicted was moderate to high, ranging from 62 to 95%. The predictive accuracy of the model was assured by direct comparison of model predictions with the observed occurrence of species obtained in 2006 (validation) and from data collected in the early 2000s in another Portuguese estuary-Ria de Aveiro (Canal de Mira), a complex mesotidal shallow coastal lagoon. The regression logistic model here defined, correctly suggested that the distribution of zooplankton species was mainly dependent on salinity and water temperature. The logistic regression proved to be a useful approach for predicting the occurrence of species under varying environmental conditions at a local scale. Therefore, this model can be considered of reasonable application (and should be tested in other estuarine systems) due to its ability to predict the occurrence of individual zooplanktonic species associated with habitat changes.
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Introduction
Assemblages of species in ecological communities reflect interactions between organisms and the abiotic environment as well as among organisms (Hughes 2000) . It is widely accepted that estuarine ecosystems are environmentally unstable, in opposition to freshwater and marine ecosystems (McLusky and Elliott 2004) . Zooplankton species are valuable indicators of environmental conditions (Beaugrand 2004; Bonnet and Frid 2004) since they respond directly and sensitively to many physical, chemical and biological changes that occur in these ecosystems. Consequently, predicting zooplanktonic community responses to various hydrological forcing and their effects on the estuarine ecosystems constitutes a major challenge on estuarine ecosystems management. Of the multiple physical and chemical factors that influence zooplankton distribution, salinity and temperature are two of the most studied factors. Indeed, many studies have shown that salinity affects the overall composition of the zooplanktonic community, individual species at different stages of their life cycle (e.g. Anger 2003; Queiroga and Blanton 2004 ) and this is a major determining factor in the distribution of zooplanktonic species in estuaries (e.g. Gaudy et al. 2000; Berasategui et al. 2006; Blanco-Bercial et al. 2006) . A number of studies have determined that temperature is also an important environmental factor, strongly affecting vital physiological rates such as respiration (Roddie et al. 1984) and excretion (Gaudy et al. 2000) . Temperature and food conditions can also modify the lifehistory traits of zooplanktonic organisms such as copepods, through its influence on egg production (e.g. HalsbandLenk et al. 2002) , growth and development rates (Hirst and Kiørboe 2002; Leandro et al. 2006 ) and mortality rates (e.g. Durbin and Durbin 1981; Hirst and Kiørboe 2002) .
However, few attempts have been made to statistically model the response of individual zooplanktonic species as function of multiple environmental variables. This is further complicated by the fact that many parameters co-vary. However, the prediction of the occurrence patterns of zooplanktonic species in estuaries is required in order to understand and forecast any change on zooplanktonic communities due to changes in land-use, habitat loss and climatic instability (Hays et al. 2005) . A major concern with a potential ongoing change in climate is that extreme events have a great probability of occurrence (IPCC 2007) . In the Mondego estuary, intense precipitation and drought episodes during last years led to significant effects on the structure and functioning of biological communities (e.g. Marques et al. 2007; Martinho et al. 2007; Cardoso et al. 2008) .
Recently, a number of studies addressed the usefulness of statistical models aiming to forecast species distribution, relating ecological variables with environmental factors (Ysebaert et al. 2002; Thrush et al. 2005; Paiva et al. 2008) ; while these statistical techniques are not new, they have not been applied to zooplanktonic communities. The aim of this study was therefore to model the distribution of zooplanktonic species and to test the robustness of forecast responses with change in environmental variables. Logistic regression was used to model the response of a discrete variable with binominal distribution from a series of continuous and categorical predictor variables. Models were built with data collected in Mondego estuary from 2003 to 2006, encompassing different climatic situations, i.e. drought and flood events (Marques et al. 2007 ).
Materials and methods

Study area
The Mondego River estuary, located on the Western coast of Portugal (40°08°N, 8°50°W), consists of two channels, north and south arm, with contrasting hydrographic characteristics (Fig. 1) . The south channel (2-4 m maximum depth, high tide) is almost silted up in the upstream areas, and as a consequence, water circulation is mostly driven by the tidal excursion. The discharge from the Pranto tributary is small and artificially regulated by a sluice according to water needs of the rice crops of the valley (Pardal et al. 2000; Cardoso et al. 2004) . The north channel is deeper (maximum 5-10 m, at high tide) and connects directly to the Mondego River. Works of Azeiteiro et al. (1999) and Marques et al. (2006) showed that variations in temperature and salinity in the Mondego estuary provide a large variety of aquatic habitats for populations of marine, brackish and freshwater zooplankton species.
Sample collection and analysis
The aim of this study was to define the logistic models for some zooplanktonic indicator species and its respective validation. It was not intention to look at any particular microhabitats. Therefore, zooplankton was monthly sampled at five stations comprising both arms (Fig. 1) M mouth station, S1 and S2 southern arm stations, N1 and N2 northern arm stations environmental parameters regimes found on such zones are sufficiently different to characterize and identify the impact of environmental parameters on the distribution and abundance of zooplanktonic species. Sub-surface tows were carried out horizontally at each station with a bongo net fitted with 335-lm mesh (mouth diameter: 0.5 m), equipped with a Hydro-Bios flowmeter. Samples were immediately preserved in 4% buffered formalin. In the laboratory, zooplankton samples were enumerated (number of individuals per m 3 ) and identified to the lowest taxonomic level possible. Simultaneously, at each site, were also recorded salinity, water temperature (°C), dissolved oxygen (DO, mg l -1 ) and turbidity (Secchi disc depth, m). Water samples were collected for determination in laboratory of chlorophyll a (chl a, mg m -3 ), total suspended solids (TSS, mg l -1 ), nitrates (N, mg l -1 ), phosphates (P, mg l -1 ) and soluble silica (Si, mg l -1 ). A detailed description of collection and analysis procedure for Mondego estuary data can be found in Marques et al. (2006) . Monthly precipitation values were measured at the Soure 13 F/01G station and acquired from INAGInstituto da Á gua (http://www.snirh.inag.pt). Long-term monthly average precipitation was calculated from data collected at the Soure 13F/01G station from 1933 to 2000. Freshwater runoff data from the Mondego river basin were obtained from the INAG station Soure 13F/01G, located near the estuary. Precipitation and freshwater discharge variations in the study period were described in detail by Marques et al. 2007 .
Statistical analysis
Indicator species analysis (ISA = relative abundance 9 relative frequency, range from 0 to 100, Dufrene and Legendre 1997) was used to define and describe which species were typical in each of the sampling stations in the 4 years. These species represent different types of distribution and are indicator species for the zooplanktonic assemblages found in the Mondego estuary, contributing to the total density observed (Azeiteiro et al. 1999; Marques et al. 2007 ). In addition, multivariate analyses were performed to objectively identify the species' habitat affinities, based on the relationships between species, sampling stations and environmental data. This was achieved by means of a canonical correspondence analysis (CCA), using CANOCO version 4.0 software package (ter Braak and Smilauer 1998) .
To model the probability of occurrence of indicator species in relation to the environmental parameters, logistic regression models were used (Hosmer and Lemeshow 2000) using SPSS software, version 12.0 (SPSS, Inc., Chicago, IL, USA). Logistic regression falls within the general framework of the linear model (GLM).
To minimize the variation imposed by seasonality (differences in sampling months) and long-term fluctuation, binary (presence/absence) data were used as the outcome variable.
Univariate analysis was performed for all of the independent variables. The significance of the independent variables was tested using the v 2 test (P \ 0.05) on the Wald statistic (Hosmer and Lemeshow 2000) . Based on such approach, salinity and temperature were selected to generate the response curve for each of the zooplanktonic species. The regression parameters were estimated using the maximum likelihood method. Besides the univariate analysis, all environmental variables were simultaneously used in a stepwise, multiple logistic-regression analysis to derive a model that would predict the presence or absence of zooplanktonic species. The predictive accuracy of the model was assured by direct comparison of model prediction with observed distribution based on data obtained in 2006 (validation) . In order to test the effectiveness of the models, additional validation data were obtained in Ria de Aveiro (Canal de Mira)-Portugal, a complex mesotidal shallow coastal lagoon (Fig. 2) . Only data on Acartia species were available. This estuarine system acts like a tidally and seasonally poikilohaline estuary (Moreira et al. 1993 ) and no significant thermal or salinity stratification occurs, except during high peaks of freshwater discharge. Freshwater inputs result mainly from rainfall and runoff 
Results
Abiotic environmental characteristics
The most pronounced spatial gradient in the Mondego estuary was produced by salinity (Table 1) . Salinity was low in upstream stations, especially in the north arm, decreasing from an average of 26.4 (±10.4) at the mouth to about 7.3 (±8.4) in the upper north channel (N2). The water temperature increased a few degrees from the mouth to upper estuary. Secchi disc visibility decreased, while the load of suspended solids increased, usually with increasing distance from the mouth (exception: station N2, Table 1 ). Dissolved oxygen increased from upper to lower estuary in both arms. Concerning dissolved inorganic nitrogen, the sampling stations were also notably different, with higher values in the upper estuary. The phosphate concentration followed the same distribution pattern. Chlorophyll a concentration values ranged from an average of 3.2 (±1.7) mg m -3 in middle south arm (S1) to 8.4 (±8.7) mg m -3 in upstream north arm, and lower values were usually observed in downstream estuarine stations.
Indicator species analysis A total of 102 zooplanktonic taxa were identified in this survey. Table 2 lists the indicator species for each station estimated from ISA. Some similarities among stations were found, which resulted in the selection of 12 species from the zooplanktonic communities of the Mondego estuary that are common members of the different habitats, characterized by their specific hydrological conditions. Four species were exclusively indicators of the most downstream station (M): Podon leuckarti, Temora longicornis, Muggiaea atlantica and Clausocalanus arcuicornis. In addition, the species Acartia clausi and Evadne nordmanni were also indicators of the lower estuary and associated with the middle south arm. The estuarine species Acartia tonsa and Calanipeda aquaedulcis were consistent indicators of the upper estuary (N2 and S2). For the middle estuary (N1 and S1), the indicator species was Oikopleura dioica; in the north arm, the indicator were Daphnia longispina, Diaptomus castor and Acanthocyclops robustus.
Species-specific habitat
The environmental preferences of the indicator species selected for the estuary were explored by CCA ordination (Fig. 3) . The eigenvalues for Axes 1 (0.519) and 2 (0.211) explained 89.24% of the cumulative variance in the species data relatively to the total variation explained by the environmental variables. This indicates that the environmental factors considered here accounted for most of the biological variables. The first canonical axis, which explained more than 63% of the variance is strongly correlated with salinity, and to a lesser extend with freshwater runoff and turbidity (Fig. 3) . Total suspended solids and temperature were correlated with the second canonical axis. Based on the species composition, the sampling sites were clustered into different habitats reflecting their hydrological conditions. Downstream stations (M, S1 and N1, open symbols; clustered on the left side of Fig. 3a) were normally associated with salty and relatively transparent waters, except for the winter observations characterized by large freshwater flows. With few exceptions, upstream stations (S2 and N2; solid symbols; clustered on the right side of Fig. 3a) were also separated in the ordination on Axis 1 and were characterized by low salinity values, high nutrient and Chl a concentrations reflecting the direct influence of water runoff, especially the north arm station. Axis 2 also separated the main samples of the middle south arm (S2) which were characterized by higher TSS and warmer temperatures. In Fig. 3b , the zooplanktonic indicator species associated with each habitat is shown.
Univariate response curves
Logistic regression models were developed for each species, which showed a concordance between 62 and 94% (Table 3 ). Figure 4 shows the response curves for each of the 12 zooplanktonic indicator species in relation to salinity and temperature. The obtained response curves were in agreement with the CCA ordination analysis. The probability of occurrence of D. longispina, A. robustus and D. castor, decreased as salinity increased (Fig. 4a) . For the last two species, the decrease in the response curve was much smoother, indicating that this species could also occur at higher salinity than the other. For A. tonsa and C. aquaedulcis the model suggested a unimodal curve with an optimal at intermediate salinities and higher probability of occurrence at the middle estuary. The same pattern was observed for C. aquaedulcis, which was more sensitive to higher salinity values. The cladocerans P. leuckarti and E. nordmanni, the appendicularian O. dioica, the copepods A. clausi and the siphonophores M. atlantica showed similar response curves, with increasing probabilities of occurrence in the lower estuary. Nevertheless, T. longicornis also showed a high probability of occurrence at higher salinity since this species displayed an almost horizontal curve, indicating a broad tolerance. Clausocalanus arcuicornis showed the highest probability of occurrence at the lower estuary.
Species occurrence also differed as a function of temperature (Fig. 4b) . The probability of occurrence of freshwater taxa was highest in colder waters, as those occurring in the upper estuary during high freshwater flow during winter, while the marine species showed a broad tolerance in the range of 15-20°C, and a steep decline beside this, again in agreement with their observed distribution. The characteristic species of estuarine assemblages differed in their tolerance towards the increase in temperatures. Calanipeda aquaedulcis, for instance, showed a relatively high tolerance, with a still relatively high probability of occurrence in warmer waters. Acartia tonsa showed a bell-shaped curve with an optimum at lower temperature and was also characterized by a lower tolerance to increased temperature.
Multiple logistic regression
A Spearman correlation matrix was generated to verify for colinearity between variables. Next, possible meaningful interactions between variables were searched. Only those variables (and interactions) that increased their Wald test value and the G test value for the significance of the model were retained in the multivariate model. Since nitrates, phosphates, silica, rainfall and river discharge were highly correlated with salinity, chl a and TSS (P \ 0.0001) these parameters were not used in the model. The multiple logistic models used to predict the occurrence for each of the 12 zooplankton species contained between 1 and 3 significant parameters (Table 4 ). Yet, the percentage correctly predicted was high, ranging from 62 to 95%. For the majority of the taxa, salinity was an important explanatory variable, followed by temperature. Validation data
For a few representative example species, the probability of occurrence model appeared to be fairly consistent with the independent observed occurrence in the Mondego estuary (Fig. 5) . Daphnia longispina showed a higher occurrence in the north arm which is greatly influenced by freshwater discharge from the Mondego River, especially in the winter, and the probabilities of occurrence coincided with this distribution. Yet, the actual observed occurrence recorded at middle north arm was higher. Acartia tonsa was a relatively common species in the south arm, dominated by tidal circulation. The model concordantly indicated an increased probability of occurrence on such arm. Probability of occurrence of A. clausi was also well predicted by the model, showing an increase in the Fig. 3 Biplot diagrams of canonical correspondence analysis (CCA) for a samples and environmental scores and b zooplankton species and environmental scores, for the studied period polyhaline zone of the estuary. For T. longicornis the actual occurrence observed was lower than the model's prediction. However, a low decrease observed in the north arm was consistent with the predictions of the model. Finally, for E. nordmanni was observed a polyhaline distribution which coincided with the probability of occurrence model. Results for the probability of occurrence of the zooplanktonic species appear to be consistent with the presence and absence for the Canal de Mira-Ria de Aveiro, as shown in Fig. 5 for the Acartia species. Acartia tonsa was observed along the complete salinity gradient, mainly at the middle estuary, and the highest probabilities of occurrence coincided with this distribution. Although the model prediction of occurrence was not as sensitive, it predicted, in concordance, a much broader distribution for this species, while A. clausi had mainly a polyhaline distribution. The model indicated in agreement a higher probability of occurrence in the lower estuary.
Discussion and Conclusions
Compared with the terrestrial environment, the pelagic realm has few physical barriers obstructing the mixing of planktonic species. Nevertheless, there are some hydrographic barriers between different water masses which have distinct physico-chemical conditions and ecological properties (Beaugrand et al. 2002) . In the case of coastal waters, effective maintenance of the native biodiversity in face of increasing human impacts and climatic variability requires accurate measurements of key trends and responses to disturbance and effective management actions. In this study, we aimed to developed models to predict the spatial distribution of zooplanktonic species with change of environmental conditions. The use of zooplanktonic species as indicators of specific water-masses has long been stressed at a global (Russell 1973; Beaugrand 2004) and local scale (Bonnet and Frid 2004; Whitman et al. 2004) . As an alternative to conducting exhaustive species inventories, scientists and management practitioners hope that the species richness can be predicted more cheaply and quickly through the use of ''indicator'' species (Pearson 1994) . This concept is defined here as species with occurrence patterns that are correlated with a specific zone of the estuary. Therefore, from the present database we selected 12 zooplanktonic indicator species, characterized by specific ecological requirements, of 3 different zones of the Mondego estuary. Logistic models based on the occurrence of those indicator species were then successfully constructed and the distribution (presence/absence) of different zooplanktonic species based on environmental variables at a local scale showed to be well predicted.
The comparisons of the models revealed wide variations in species response to change in environmental conditions. In this study, non-resident species such as polyhaline and freshwater species showed lower tolerance to salinity, being observed at the lower and upper estuary, respectively. On the other hand, ubiquitous species such as A. tonsa and C. aquaedulcis were observed along the salinity gradient, mainly at the mesohaline zone of the estuary, exhibiting a broad tolerance. According to Day et al. (1989) most estuarine zooplanktonic organisms have evolved to broad physiological tolerance in order to ensure their survival into unstable environmental conditions such as ones that characterize estuarine ecosystems. Additionally, the strong correlation of zooplankton distribution with water temperature is not surprising (Fulton 1984; Fernandez de Puelles et al. 2004; Marques et al. 2006) . Although most estuarine species are eurythermic (e.g. Lance 1963; Tackx et al. 2004) , many studies have shown that individual zooplanktonic species have an optimum temperature range and may not survive outside such temperatures (Leandro et al. 2006) . Our findings are consistent with other studies that also analysed the temporal and spatial patterns of the zooplankton species composition and abundance. Such studies concluded that the main environmental gradient was formed by water temperature and salinity and a similar pattern of species distribution was observed (Escaravage and Soetaert 1995; Mouny and Dauvin 2002; Tackx et al. 2004) . Fig. 4 Probability of occurrence (P) of the zooplanktonic species of Mondego estuary fitted with logistic regression in relation to a salinity and b temperature. Curves were only drawn for the range of salinity and temperature values observed for each species-specific habitat of the estuary Table 4 Multiple logistic regression model analysis showing the significant variables for each species (9), % correctly predicted (CP%). Other abbreviations as in Table 1 Based on our results, the logistic regression proves to be a useful approach for predicting the occurrence of species under varying environmental conditions along an estuarine gradient. Therefore, this model can be considered of reasonable application given its ability to predict the occurrence of individual species associated with habitat. In our model approach we used single environmental parameters as predictors of zooplanktonic species distribution. Although it is well known that the factors that cause species distribution interact in complex ways, it is not surprising that simple correlations with a single environmental change are not always observed. The pattern recorded in this study may also reflect the use of a zooplankton net with 335-lm mesh size. This coarse mesh net may have undersampling small zooplankton specimens, such as copepodites of Acartia and Temora which in turn may lead to a limited view of the ecology of planktonic systems. A more suitable spatial and temporal survey of zooplankton populations is being carried out in Mondego estuary, which we hope will confirm its biological implication in this system. Given this, the comparison with other data should be considered with some caution. Pronounced environmental stochasticity often diminishes the predictive ability of correlative models. However, the effects of precipitation extremes were detectable in the comparison between predicted and observed values of species occurrence in our study. For example, the models correctly predicted an increase in occurrence of freshwater species in the north arm in 2006, which was coincident with a high freshwater flow in that year. Biotic factors such as predation, competition, as well as mortality and survival may also influence the distribution and diversity of pelagic organisms (Gaudy et al. 2000; Hansson et al. 2005; Badosa et al. 2007) by decreasing its potential range. On the other hand, advective processes which control the influx of zooplankton from source areas and the continuous loss to downstream areas (Marques et al. 2007 ) increases its potential range.
Wherever it may not provide enough information to understand the nature of a given observed pattern, statistical models could be useful to forecast species distribution within the scope of ecological and environmental management, since such models indicate the long-term consequences of habitat changes. The approach detailed here could also have an important utility for assessing the environmental conditions influencing the distribution of zooplankton across broad spatial scales such as ocean basins. Such data sets are provided by large scale sampling programs such as the Continuous Plankton Recorder Survey (Warner and Hays 1994) and have been used to describe species assemblages (Beaugrand et al. 2002) . Over such large scale, additional environmental factors, such as water depth, may play roles as well as temperature and salinity (Hays 1996) . For example, water depth dictates the ability of large vertical migrating species of zooplankton to occupy particular areas.
One of the most important contributions of the present study is that it may enhance our ability to conduct localscale ecological assessment and to make effective conservation decisions. Effective maintenance of biodiversity in the face of increasing human impacts and climatic variability requires accurate measurements of key trends and responses to disturbance and alternative management actions. Zooplankton plays several important roles in estuarine ecosystems, since they serve as an important link between phytoplankton primary production and many important estuarine carnivorous, including many crustaceans and fishes (Kiorboe and Nielsen 1994; Hays et al. 2005) . A large number of benthic and nektonic organisms spend part of their life cycle in the plankton (merozooplankton), and as such the plankton stages influence the distribution and abundance of the adult populations. In addition, responses by individual species to environmental changes may disrupt their interactions with others at the same or other trophic levels. As an example, a modification in secondary production will affect the availability of planktonic food for fish larvae, which determines the recruitment success and consequently the size of fish population (Cushing 1990 ). In addition, jellyfish may be very important consumers in some coastal ecosystems, including estuaries (e.g. Houghton et al. 2006; Perez-Ruzafa et al. 2002) , and zooplankton species composition may influence whether fish or jellyfish dominate a particular system. Therefore, the ability to forecast changes in the spatial distribution of zooplanktonic species also yields important insights into the threat that loss of habitat diversity may pose to biological diversity and ecosystem health.
